Glycosaminogycans (GAGs) are involved in numerous vital functions in the human body. Mapping the GAG concentration in vivo is desirable for the diagnosis and monitoring of a number of diseases such as osteoarthritis, which affects millions of individuals. GAG loss in cartilage is typically an initiating event in osteoarthritis. Another widespread pathology related to GAG is intervertebral disk degeneration. Currently existing techniques for GAG monitoring, such as delayed gadolinium-enhanced MRI contrast (dGEMRIC), T1, and 23 Na MRI, have some practical limitations. We show that by exploiting the exchangeable protons of GAG one may directly measure the localized GAG concentration in vivo with high sensitivity and therefore obtain a powerful diagnostic MRI method.
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cartilage ͉ MRI ͉ osteoarthritis ͉ NOE ͉ proteoglycan G lycosaminoglycans (GAGs) are long unbranched carbohydrates with repeating disaccharide units, which can be classified into six categories: chondroitin sulfate (CS), dermatan sulfate (DS), keratan sulfate (KS), heparin, heparan sulfate, and hyaluronan (HA) (1) . They are essential for the human musculoskeletal function, cell regulation, and spinal function. Some GAGs function independently. Heparin, for example, is well known for its role as an anticoagulant in blood clotting, which is used in anticoagulation therapies. Others form functional conglomerates with proteins/RNAs. Mucopolysaccharidosis, a genetically inherited disease, results from defects in the lysosomal enzymes responsible for the metabolism of membrane proteinbound GAGs (2) . Proteoglycans (PGs), which consist of a core protein and one or more covalently attached GAG chains, play vital functions in diarthrodial joints (3) and intervertebral disks (IVDs) (4) . Osteoarthritis (OA) affects 21 million people in the United States alone and is characterized by the loss of PGs in cartilage (5) . Thus, quantification of GAG concentration in vivo is important for the understanding of the pathophysiology of many common diseases.
Currently, there is no generally applicable direct GAG mapping method available. Delayed gadolinium-enhanced MRI contrast (dGEMRIC) allows one to measure the GAG concentration indirectly in cartilage. In this protocol, after Gd-(DTPA) 2Ϫ (DTPA, diethylenetriaminepentaacetate) is allowed to diffuse into cartilage, the GAG concentration is roughly inversely proportional to the concentration of Gd(DTPA) 2Ϫ because of charge repulsion. The negative charge density of cartilage tissue (and hence GAG concentration) can therefore be inferred through monitoring the differences of the T 1 values with and without the agent (5, 6) . This method fails in IVDs and heart valves because of the slow diffusion of Gd(DTPA) 2Ϫ into the tissue (7) . T 1 MRI can map the GAG concentration in both diarthrodial joints and IVDs (4, 8) . The long imaging time needed by the technique limits its clinical applicability. The preparation of T 1 magnetization by a long spin-lock pulse further hampers its wide application because of the high specific absorption rate (9) . Furthermore, T 1 generally targets all of the chemical exchange sites within the system unspecifically (10) . With the advent of high-field MRI scanners, 23 Na MRI gains much attention because it becomes possible to use the concentration of positively charged 23 Na in cartilage to map the negatively charged GAGs (11, 12) . The quadrupolar coupling of 23 Na in cartilage has also been reported to correlate with degeneration (13, 14) . This effect could be used in combination with quadrupolar contrast techniques to elucidate degradation processes (15) (16) (17) (18) . The low signal-to-noise ratio and the requirement of special hardware, however, currently limit the clinical applicability of 23 Na MRI.
In this article, we demonstrate a form of GAG assessment that is based on the labile protons residing on the GAGs. In our spectroscopic study (19) of cartilage, both amide proton (-NH, ␦ ϭ ϩ3.2 ppm downfield of the water signal) and hydroxyl protons (-OH ␦ ϭ ϩ0.9 to ϩ1.9 ppm downfield of the water signal) from GAG can be considered to be suitable as chemical exchange dependent saturation transfer (CEST) agents (20, 21) . Unlike the methods mentioned above, this approach allows one to directly measure GAG in vivo.
In the CEST method, the exchangeable proton spins are saturated, and the saturation is transferred upon chemical exchange to the bulk water pool (20, 21) . As a result, a large contrast enhancement in bulk water can be achieved. Enhancement factors of up to 10 2 to 10 6 relative to the concentration of the molecules of interest have been reported for certain systems (22) . The CEST approach has been used to image tissue pH (23) , to map brain proteins through their -NH residues (24) , to monitor glycogen concentration in the liver (25) , and to map a specific gene expression in vivo (26) .
Every GAG unit has one -NH, and three -OH. In this work we validate these as endogenous CEST agents, which will allow us to assess GAG concentration in vivo noninvasively and specifically by MRI through the CEST contrast mechanism (gagCEST).
OA is typically characterized by GAG loss and is of societal significance because of its prevalence. Hence, cartilage is chosen to demonstrate that gagCEST is sensitive to GAG concentration variations. The experiments are shown to work ex vivo and in vivo, and could be used for the diagnosis of the early stages of OA.
Results and Discussion
The exchangeable protons of the PG molecules have been identified in a previous article (19) . Typical exchange rates of -NH groups have been reported as 10-30 s Ϫ1 (22) . Although the chemical exchange rates of -OH in polysaccharides are in the fast exchange regime (on the order of 10 3 s Ϫ1 ) (27) , -OH has already been demonstrated as suitable for CEST applications (21, 25) . Fig. 1a shows a z spectrum (28) of the 125 mM GAG phantom, in which the -OH and -NH concentrations are 375 mM and 125 mM, respectively. Fig. 1c shows the z spectrum from a piece of bovine cartilage, where additional magnetization transfer mechanisms stemming from the macromolecular nature of the assembly partly mask the CEST sites. Apart from the two labile sites downfield of water, two sites at ␦ ϭ Ϫ2.6 ppm and Ϫ1.0 ppm from water are identified. These two sites correspond to the CH and N-acetyl residues in GAG, respectively (19, 29) . Because the protons in these residues are not exchangeable, their appearance in the z spectrum must be related to a magnetization transfer mechanism other than chemical exchange. Such a mechanism could be the nuclear Overhauser effect (NOE). The NOE enhancement factor of the water signal can be expressed as (30)
where T 1w is the longitudinal relaxation time of water and is the cross-relaxation constant between water and GAG. is negative when 0 c Ն 1 (where 0 is the Larmor frequency and c is the rotational correlation time). A negative cross-relaxation between water and the macromolecule signal has previously been reported for glycogen (31) . In that case, however, a negative NOE was recorded for the glycogen protons upon irradiation of the water protons.
Further evidence for the existence of NOEs is provided by studying the behavior when performing the experiment with samples in bulk D 2 O. Both chemically exchangeable sites and NOE sites are enhanced by the increased T 1w (22, 30) . The magnetization transfer rate constant due to NOE is independent of the D 2 O/H 2 O ratio, whereas the magnetization transfer rate of chemical exchange decreases as D 2 O increases (32) . Another reason for the relative enhancement of the NOE is that the same amount of magnetization transfers to a much smaller amount of water protons in a given amount of time. The labile sites, on the other hand, experience a relative decrease due to the additional replacement of 1 H in the exchangeable sites. We therefore conclude that the NOE from the CH and N-acetyl groups of GAG gives rise to the magnetization transfer mechanism at ␦ ϭ Ϫ1.0 ppm and Ϫ2.6 ppm with respect to water.
To validate the applicability of CEST for clinical diagnosis of OA, z spectra of a cartilage trypsinization series were acquired. Trypsin primarily acts on PG and reduces the GAG concentration (33) . The corresponding 23 Na concentrations ([ 23 Na]) are recorded with 23 Na NMR. [ 23 Na] decreases as a result of PG depletion and can be seen as a reliable reporter of GAG concentration (11, 12) . Fig. 2 shows the z spectra acquired from a piece of fresh cartilage and from the same piece after sequential trypsinization. Along with the z spectra, the asymmetry plots are shown, which represent the difference between the upfield side S(Ϫ␦) and the downfield side of the plot S(ϩ␦), normalized to the water signal (S 0 ) after irradiation at a large offset (23) ,
where ␦ is the offset of the irradiation relative to the water signal. For quantifying the CEST effect at a given offset, it is more useful to use the representation (21) CEST͑␦͒ ϭ ͓S͑Ϫ␦͒ Ϫ S͑ϩ␦͔͒͞S͑Ϫ␦͒, [3] in which case the effect of the partial direct water saturation is taken into account. Fig. 2b shows CEST(␦ ϭ ϩ1.0 ppm) vs. [ 23 Na], plotted according to Eq. 3. The linear relationship demonstrates that the -OH groups can be used as reliable gagCEST agents. In Fig. 2c , however, -NH CEST(␦ ϭ ϩ3.2 ppm) shows a much weaker effect, on the order of 1-2%. Furthermore, the correlation with [ 23 Na] is negative. Several reasons contribute to this difference in behavior: (i) The chemical exchange rate of the amide protons is typically much smaller than the one of the hydroxyl protons (up to two orders of magnitude). (ii) The -NH concentration is Ϸ100 mM, whereas the -OH concentration is up to 200-300 mM (3). The presence of the NOE sites at Ϫ2.6 ppm overcompensates for the CEST effect and leads to the negative slope in Fig. 2c . By contrast, the high concentration and high chemical exchange rate of -OH easily overrides the NOE contributions at ␦ ϭ Ϫ1.0 ppm and results in an overall substantial CEST effect (15-30%). As shown in Fig. 2b , there is a linear dependence of this effect on the GAG concentration, which makes -OH a very favorable gagCEST agent.
To evaluate the gagCEST applicability at clinically relevant magnetic fields, a z spectrum of cartilage was constructed at 4.7 T (Fig. 3) . Both the chemical exchange sites and the NOE sites are visible in Fig. 3a . The reduced sensitivity is partly due to the decrease of the resonance frequency ( 0 ). Under optimized conditions, a substantial -OH CEST effect can be achieved (Ϸ24%), whereas the -NH CEST effect remains low (Ϸ1.7%) as quantified according to Eq. 3. Fig. 4a shows the ex vivo CEST imaging application on a bovine patellar cartilage sample at ␦ ϭ ϩ1.0 ppm. The cartilage on the surface of the patella was divided into a control and a PG-depleted region: the control region was intact, whereas the depleted side was trypsinized twice for 60 min, each time followed by an imaging scan. The decrease of the signal in the trypsinized region is clearly visible. The extracted plot of the gagCEST effect vs. the depletion time is shown in Fig. 4b and demonstrates its applicability for GAG assessment in MRI. Fig. 5a shows in vivo results of -OH CEST on a patellofemoral human knee joint, displaying a clear demarcation of a cartilage lesion on the medial facet. The accumulation of joint effusion (fluid) in the knee (the brightness in the diarthrodial joint) is almost entirely removed in the difference image. A loss of GAG concentration is clearly shown on the medial side of the patellofemoral knee joint. In addition, the difference image shows bright spots at the location of blood vessels, which is likely a consequence of the CEST effect arising from oligosaccharides and proteins in blood. The regional variation of the GAG concentration is clearly demonstrated in the knee joint between the cartilage (Ϸ33%), the lateral side of the patella (Ϸ22%), and the medial side of the patella (Ϸ18%) as shown in Fig. 5b . This variation of GAG concentration is in line with previously published data extracted from 23 Na MRI (12) . Thus, the CEST difference image demonstrates the ability to detect localized GAG concentration distributions and hence a pathological state of cartilage in vivo. Further clinical studies will be necessary to assess the diagnostic power of this method in vivo.
As with all CEST methods, B 0 and B 1 field inhomogeneities can be of concern. The B 0 and B 1 variations in cartilage and across the knee joint were measured on the 3-T system by using a recently developed mapping method (34) . B 1 varied by Ϸ5% within cartilage and 10% across the knee joint, and B 0 varied by up to 50 Hz. In general, B 1 effects will be less of a problem, and, based on our measurements at 3 T we deem the B 0 effects unproblematic in the examples shown. Several opportunities lie ahead to alleviate the effects of inhomogeneities if they arise to a larger extent, including (i) tailoring saturation pulse sequences to compensate for these effects, and (ii) coregistering B 0 /B 1 maps and correcting for the variations in the image.
The significance of OA makes cartilage a natural choice for demonstration purposes. The applicability of the method, however, extends to any tissue containing GAG. The degeneration of IVD, associated with disk degeneration disease, leads to low back pain. In IVD, the nucleus pulposus, which contains PG as 50% of dry weight, imparts compressive stiffness on IVD, and hence on the human trunk (4). The dGEMRIC method is inapplicable to IVDs (7), and the uptake of Gd(DTPA) 2Ϫ may cause unpredictable side effects on spinal neurons nearby. The feasibility of T 1 MRI for the study of IVD has just been reported (4) . The favorable nature of gagCEST with respect to lower power requirements and faster acquisition can make it a natural choice for MR imaging of IVD. Other tissues or cell clusters with considerable GAG concentration, such as heart valves and cornea, can also be evaluated by gagCEST through a proper adaptation of the imaging sequence.
As discussed above, the negative NOE observed in this work results from the interaction of water and nonexchangeable GAG protons with low mobility such that 0 c Ն 1. c of GAG in cartilage was reported to be Ϸ50 ns as measured by 13 C spectroscopy (35) , which makes 0 c Ͼ Ͼ 1. Although c of the dipolar interaction between the GAG protons and the water protons is shorter than that of 13 C, 0 c Ն 1 is likely to hold at lower magnetic fields, which implies that NOE from GAG should contribute substantially to CEST/magnetization transfer on a 1.5-T clinical scanner. ¶ In addition, in cartilage, the ratio between the NOE peak and the water peak is larger than in the GAG phantom ( Fig. 1 b and d) . This difference indicates a more restricted motion of GAG in cartilage because it is anchored on the collagen fibrils, which is consistent with reports from 13 C NMR spectroscopy (35) . Moreover, as with the case of -NH of GAG, NOE is likely to contribute to the low efficiency of some of the other -NH CEST-based applications in vivo (22, ¶).
In conclusion, we have demonstrated that -OH at ␦ ϭ ϩ1.0 ppm, among other labile protons, can be used to monitor GAG concentration in cartilage in vivo. The high concentration and the fast exchange rate of -OH make -OH gagCEST favorable in many clinical applications and basic research. Further exploration of CEST on the unique -NH site, as well as the NOE sites of GAG, will likely lead to additional information about GAG assessment. The advantages of high saturation efficiency, specificity, low specific absorption rate, and noninvasiveness render gagCEST particularly useful for assessing cartilage, IVDs, heart valves, and corneas.
Materials and Methods
NMR Sample Preparation. CS A (Sigma-Aldrich) and standard PBS (pH 7.4, cell culture, Sigma-Aldrich) were used to prepare 125 mM GAG/PBS and 125 mM GAG PBS/95%D2O (D2O, Sigma-Aldrich) samples. The concentration is given with respect to the number of the disaccharide units in GAG. All of the bovine cartilage samples (including the MRI sample) were obtained from a U.S. Department of Agriculture-approved slaughterhouse (Bierig Bros, Vineland, NJ) within 5 h of animal slaughter (4-to 6-month-old calves) and frozen at Ϫ20°C until used. After deicing, the soft tissue was removed first. The samples were cut so as to include every anatomical region of cartilage, and without bone segment, and placed into a 5-mm NMR tube (samples were 4 mm in diameter and 5 mm in length). Fluorinated oil (Fluorinert, FC-77, SigmaAldrich) was filled into the void spaces for protection and reduction of susceptibility artifacts. The trypsinization was performed as follows: a cartilage sample was immersed in a trypsin/PBS bath (0.2 mg/ml trypsin, SigmaAldrich) for 60 min, after which it was placed in PBS for another 30 min. This procedure was performed for a total of three times on the same sample. In cartilage D 2O equilibration experiments, the fresh cartilage was immersed in PBS/D2O for 24 h before it was sealed with fluorinated oil. A sample of PBS (Sigma-Aldrich) and agarose gel (Sigma-Aldrich) were mixed to yield a concentration of Na ϩ of 137 mM to calibrate [ 23 Na] in fresh cartilage. In this sample, 23 Na has similar relaxation properties as in fresh cartilage.
MRI Sample Preparation.
The extraneous tissue (ligaments, fat, etc.) of a fresh bovine patella was removed, and a groove was made in the middle of the patella on the articular surface. The patellae were then placed in a chamber containing a nonpermeable divider such that the groove was wedged on the divider. The control side of the patella was equilibrated in 137 mM PBS and the depleted side was immersed in a fresh trypsin bath (0.2 mg/ml, Sigma-Aldrich) for two periods of 60 min. After each depletion, the whole patella was equilibrated in PBS buffer for another 30 min. A wedge-shaped gap was made as a marker on the control side for the convenience of identification in MRI scanning.
MRI Human Subject.
After approval from the Institutional Review Board of the New York University Medical Center and signed informed consent, the right knee joint of one subject (male, age 30 years) with occasional knee pain was investigated by CEST MRI. A comprehensive medical review of this subject is underway. The subject was asked to rest at least 30 min before the imaging session.
NMR Hardware. Data were acquired at 11.7 T (500-MHz 1 H frequency) by using a Bruker Avance spectrometer equipped with a broadband observe (BBO) probe. One z spectrum of cartilage was constructed at 4.7 T (200-MHz 1 H frequency) by using a Bruker Avance spectrometer equipped with a quadruple nucleus (QNP) probe. The temperature of the samples was stabilized at 310 K with a variation of Ϯ0.2 K.
MRI Hardware.
The MRI experiments were performed on a 3.0-T clinical MR scanner (Magnetom Tim Trio, Siemens Medical Solutions). An 18-cm diameter, eight-channel transmit-receive phased-array (PA) knee coil was used for all of the imaging measurements. NMR Experiments. 1 H spectroscopy was performed with a hard pulse power of with 1/2 ϭ 23 kHz and a 5°pulse. A spectral width of 10 kHz was used and 8,192 data points were recorded. Eight transients were acquired for each spectrum by using a repetition delay of 1 s. Water T1 measurements were performed by the saturation recovery method (to avoid radiation-damping problems) (36) . Three 90°-crusher gradient pairs were used before the readout 90°pulse to remove transverse bulk magnetization. The three crusher gradients of 1-ms duration were performed with 0.05 T/m, 0.1 T/m, and 0.15 T/m. The total time for each saturation recovery measurement was Ϸ30 min, and the following eight delays were used in all of the spin-lattice measurements: 20 s, 10 s, 5 s, 2 s, 1 s, 500 ms, 100 ms, and 1 ms. Four transients were acquired for each delay by using a repetition delay of 30 s. The 23 Na single-pulse experiments were performed with a 90°pulse with 1/2 ϭ 22 kHz and 64 transients. A 250-ms recycle delay and 10-kHz window width were used.
For the CEST experiments, continuous-wave (CW) irradiation was used with irradiation power and duration varying according to the system of interest, followed by a 5°pulse. Eight accumulations were used, a window width of 10 kHz was used, 8,000 data points were collected, and the recycle delay was set to 8 s. For the z spectra, a total of 71 spectra were collected with 0.2 ppm shift in offset frequency per step. The water intensity was then plotted as a function of the irradiation frequency with respect to the center of the main water resonance. The MTRasym plots according to Eq. 2 were created with S0 being the water signal intensity after irradiation at a ϩ40-ppm offset.
The saturation duration and power levels of the presaturation were as follows: for Fig. 1 a and c, 4 MRI Experiments. The CEST imaging sequence was modified on the basis of the spoiled gradient echo (GRE) sequence with a train of ten 180 o Gaussian pulses with pulse length 31 ms, interval 1 ms, offset 1.0 ppm, and average saturation power 42 Hz. The acquisition parameters of the CEST image on the patella were as follows: number of sections ϭ 5, repetition time/echo time (TR/TE) ϭ 2,070 ms/4 ms; section thickness ϭ 3 mm; acquisition matrix ϭ 256 ϫ 128; field of view ϭ 150 mm ϫ 150 mm. To meet the image load requirements, a 1-liter phantom of 4% agarose was installed at the bottom of the patella sample. The same saturation parameters were used on the human subject, and the acquisition parameters were as follows: number of sections ϭ 5, TR/TE ϭ 2,070 ms/4 ms; section thickness ϭ 3 mm; acquisition matrix ϭ 256 ϫ 256; field of view ϭ 150 mm ϫ 150 mm. Conventional selective fat suppression was used (37) .
Data Processing. [ 23 Na] was calibrated with the 23 Na signal intensity from the 137 mM 23 Na/4% agarose system. By counting the volume factor of cartilage and 23 Na/agarose in the NMR coil, [ 23 Na] was determined as 255 mM in fresh cartilage. Imaging processing was performed with ImageJ (http://rsb.info.nih-.gov/ij). In Figs. 3b and 4b , the CEST contrast was extracted by segmentation of the region of interest, the measurement of the mean signal intensities, and calculation according to Eq. 3.
